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2 FOREWORD
/ Th!s program wasconducted by the Westinghouse Astronuclear Laboratory under NASA Contract
" NAS 3-11827. Mr. P. E. Moorhead of the NASA Lewis Research Center_ Materials and2
Structures Division, was the NASA Project Manager for the program.
_: The objectives delineated and the results reported herein represent the requirements of Task III
of Contract NAS 3-11827. Additional investigations which were performed as a part of this
_ program are the subjects of addltlonal reports. The final reports for this contract are the fol-
lowing :
Task _itl._.___e Report Number
I Influence of Restraint and Thermal exposureon NASA CR-72858
Welds in T-111 and ASTAR-811C
:, II The Varestraint Test for Refractory Metals NASA CR-72828
_ III Investigation of High Temperature Fracture of NASA CR-72859
T-111 and ASTAR-811C
I
Special appreciation and recognition are extended to Drs. R. A. Stickler and J. A. Cornie
and Mr. C. W. Hughes of the Materials Department, Westinghouse Research and Development
Center for their assistance with the transmission and scanning electron microscopy contained
in this report.
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\ABSTRACT
_ The high temperaturedeformationandfracture behav;orof T-I 11anc_AST_R-811C were stud-
" ledover the temperaturerange982° to 2205°C (1800° to 4000°F). As-cast andwrought-
- recrystallizedmaterial aswell as GTA weldsin sheetand plate were evaluatedusingcon- --
ventionaltensileandcreep tests.Post-testexaminationswere performedusingoptical metallo-
? : graphy, scanningelectron microscopyand transmissionelectron microscopy.
A high temperatureregionof reducedductility, in termsof tensile elongation,wasidentified
for bothalloys. Thereductionin tensileelongationbecamemoreseverewith increasein
grain size, beingnear catastrophicfor the as-castspecimens.Optical andelectron metal-
Iographyindicatedthat even for failuresat very low total strain, considerabledeformation
of a very Iocallzed naturehadoccurredprior to fracture.
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1.0 SUMtV_RY
':L
Featuresof the deformation and fracture behovior of T-] 11 and ASTAR-811C were charac-
terized over the temperature range 982° to 2205°C (1800° to 4000°F). Tensile and creep
tests were used to test specimensprepared from as-cast and wrought-recrystallized material
as well as from GTA sheet and plate welds. Post-test examinations were performed using
. o_*ical metallography, scanning electron microscopy and transmissionelectron mlc,oscopy.
This investigation was promptedby recent observationsof the high temperature mechanical
behavior of T-111 which suggestedpremature intergranular failure may occur due to a
L drastic lOSSof ductility over a critical temperature range. ASTAR-811C was included in
the programto permit assessmentof the behavior of a more advanced, carbide strengthened
alloy under the same conditions of testing. T_sting as-cast and wro,;ght-recrystallized
specimens provided information on structural factors such as grain size while the inclusion
of sheet and plate welds permitted someappreciation of the influence of microstructural
• heterogeneity. Estimatesof the role of grain boundary sliding in the deformation process
were inferred from observationsof gage length fiducial line displacementsoccurring duringq
creep testing.
._ temperature range of reduced duct llty, in terms of tensile elongation, was identified for
both alloys. Although _traln rate variations resulted in a shift of the "minimumductility"
temperature, for normal tensile strain rates it occurred at about 1649°C (3000°F). The
width of the "trough" in the elongation vs. temperature relationship as well as the severity
of impairment were related to the groin size, being increasingly severe with increasing ..
grain size. The very fine grai,_d .-'ought-recrystalllzed specimens did nc,t, in fact,
display a decrease in tensile elongation. However, post-test metallograpEy indicated this
merely reflected the greater number of grains in the crosssection and that intergranular
separation and cracking were quite severe.
\ 1
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Examination of the as-fractured specimenswith scanning electron microscopy prov;ded
_b
'_ conclusive evidence that extensive deformation had occurred, even in thosespecimens where
;" total tensile strains were virtually nil, but that all de:ormatlon appeared to have been/ "
- ' concentrated in an extremely localized region adjacent to the grain boundaries. Transmission
electron microscopy performed on several of the as-cast T-111 specimens revealed a general
;'_ inability of the grain boundary regions to serve as barriers to dislocation slip at 1649°C
_,:o (30G3°F). Hen.'e, redistribution of strain to the grain volumes could not be achieved.
_" Qual.:tative differences in the deformation behavior of T-111 and ASTAR-811C were slight
for tensile tests although the creep strength superiority of ASTAR-811C was apparent.
\ _ 2
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2.0 INTRODUCTION
This report presents the results of an investigation of the high temperature deformation and
) fracture behavior of the tantalum-base alloys T-111 (Ta-SW-2Hf) and ASTAR-811C
(Ta-8W-1Re-0.7H f-0.025C).
.. Recent observations of the high temperature mechanical behavior of T-111, as well as the
behavior of grain boundary region: in multlpass GTA plate welds, have suggested a possible
ductility impairment occurs at some critical temperature range leading to pre nature
intergranular failure. It was the purpose of this progrr:m, therefore, to investigate the
factors controlling the high temperature deformation and fracture in this alloy, with
particular attention being focused on the role of the grain boundary regions in the
. deformation process. ASTAR-811C was included in the program to permit assessmentof
the behavior of a more advanced, carbide strengthened alloy under the same conditions
of testing.
The program was designed to provide information on the influence of such structural factors
as grain size and process history by testing as-cast and wrought-recrystallized material in
addition to including tests on GTA sheet and plate welds where chemical and mic,ostructural
heterogeneities might be influential. The bulk of the testing was performed using
conventional tensile tests, with the as-cast material being tested at five temperatures ranging
from 1205° to 1982°C (2200° to 36000F) using a variety of strain rates covering the range
-1 -1
0.005 mln. through 2.0 rain. . Tensile tests on the other forms were confined to testing at
1427°, 1649° and 1816°C (2600°, 3000° and 3300°F) at the "normal" 0.05 mln. -1 strain rate.
The known importance of grain boundaries in creep deformation at elevated temperatures and
their implied importance in the deformation and fracture of T-111 in the preceding phases
of this programdictated the inclusion of a series of creep tests in the experimental evaluation.
The _urposeof these testswas to provide information regarding the probable role of grain
boundarysliding as a deformation and/or fracture modeat the temperaturesof interest.
3
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\Optical metallography, scanning electron microscopy and transmission electron m_croscopy
were utilized to FacUhate interpretation of the test results.
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3.0 TECHNICAL PROGRAM
3.1 Test Program
The experimental program, outlined in Figure 1, was designed to permit evaluation of the/
:- relative importance of several of the metallurgical _cctors which might reasonably be
contributing to the observed behavior. The initial task of the program was aimed at deter-
,_ mining, by experimental measurement, the range of temperatu,es to which the first deposited
passesof a multipass GTA plate weld are exposed during subsequentdeposition of later
filler passes. The resultsof these measurementswere used to aid in selection of test temper-
atures for later experimental tasks.
The first, and mostextensive, phase of the tensile testing was performed on round bar
specimensof as-cast T-111 and ASTAR-811C. Testing was conducted at 1205°, 1427°, 1649°,
1816°, and 1982°C (2200 °, 2600°, 3000°, 3300°, and 3600°F) usingstrain rates of 0.005
-1
(or 0.05), 0.5 and 2.0 rain at each temperature.
Basedon these results the temperature-strain rate conditions used for the tensile testing of
wrought-recrystallized and single passGTA sheet weld specimenswere selected. Testing on
both of these specimen types was performed at 1427°, 1649°, and 1816°C (2600°, 3000°,
-1
and 3300°F) at a strain rate of 0.05 mln
In an effort to evaluate the role of grain boundary sliding in the deformation and fracture
behavior of GTA sheet welds of T-111 and ASTAR-811C, single passGTA sheet welds were
tested using both creep and conventional tensile test methods. Tensile testswere performed
at a strain rate of 0.005 min-1 at 982°, 1205°, 1427°, 1538°, 1760°, and 1982°C (1800°,
2200°, 2600°, 2800°, 3200°, and 3600°F) on specimens whose gauge lengths had been
mechanically polished and lightly scribed with a grid. Creep testswere performed on
similarly prepared GTA sheet weld specimensat 1316°, 1427° and 1538°C (2400 °, 2600°,
and 2800°F) in ultra-high vacuum(< 1.33 x 10-6 N/m 2 (< 10-8 torr) pressure). Following
\ 5
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\Determine Peak Temperature-Time Factors J
_ in Multipass GTA Welds in T-111 and I.- ASTAR-811C Plate2
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_ and ASTAR-811C.
_ 5 Temps. ; 3 Strain Rates
" Tensile Testson Wrought- Grain Boundary Sliding Exp't's. Tensile Testson GTA Welds
Recrystallized T-111 and on GTA Weld Specimens in T-111 & in T-111 and ASTAR-811C
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I l i
!
• Tensile Testson High Temperature Homogenized I
GTA Welds in T-111 and ASTAR-811C Plate I
f
Examination and Characterization of Fractures t
Using Optical and Electron Metallography
f
%
FIGURE 1 - Outline of Test Program for T-111 and ASTAR-811C.
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kx_th tensile and creep testing the specimens were examined m_croscopically to establish, by
means of noting the dlsplocement of grid markers where they cross grain boundaries, some
estimate of the contribution af grain boundary sliding to total deformation strain.
The final phase of the testing program was directed toward evaluating the effectiveness of
._ very high temperature homogenization annealing in alleviating the propensity for intergranular
failure at low total strain. Tensile specimens were machined from plate welds of T-111 and
" ASTAR-811C. Identical specimens of each alloy were tested at 1649°C (3000°F) in the
as-welded condition and after a 1 hour - 2483°C (4500°F) post-weld homogenization anneal.
Optical and electron metallographic techniques were used extensively to aid in the inter-
pretation of the test results. In particular, scanning electron microscopy was employed to
examine and characterize the topology of the fracture surfaces.
• 3.2 Procedures
Welding Procedures
The gas-tungsten-arc (GTA) welding process was used exclusively for all plate and sheet
welding. All welding was performed in a vacuum purged weld chamber using an ultra-high
purity helium atmosphere. The weld atmosphere was continuously monitored for oxygen and
water vapor contents during all welding operations. For the bead-on-plate sheet welding
the oxygen and water vapor were maintained at less than 5 ppm by volume whereas for the
greater heat input plate welding the maximum level was set as 10 ppm by volume. All weld-
ing was done using straight polarity direct current (SPDC).
All bead-on-plate sheet welds in both T-111 and ASTAR-811C 0.152 cm (0.060 in.)sheet were
_': made using the following welding parameters;
Weld Current 200 amps
Weld Speed 38.1 cm/min (15 in/min)
Arc Gap 0.157 cm (0.062 inches)
7
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: Electrodes were made of 0.236 cm (3/32 inch) diameter centerless ground 2% thoriated tungsten
_' _'_" which had been ground to a blunted tip. Welding was done semi-automatically using a:_,
'_ _ traversing table which permitted a uniform, reproducible travel speed of the workpiece/
_ relative to the electrode. All sheet welds were inspected for basic quality using visual,
'_! dye penetrant and radiographic techniques.
-2i -
:,,, The multipass GTA plate welds in 0.952 cm (0.375 in.) thick T-111 and ASTAR-811C were
_- prepared using manual feed of 0.203 cm (0.080 inch) diameter filler wire at a unifr_rm
_,'- welding speed of 25.4 cpm (10 ipm). The plate weld joint design which was used is shown
in Figu;e 2.
Tensile Testing
Tensile specimens were of two configurations. Round bar specimens, Figure 3, were used for
as-cast, wrought-recrystallized, and GTA plate weld specimens. The specimens used for the
_" tests on 0.152 cm (0.060 inch) sheet welds were machined to the configuration shown in
" Figure 4. Details of the strain rates employed for the various tests will be deferred to the
;:" appropriate Resultssection of this report. All elevated temperature tests were performed
at pressures < 1.33 x 10-3 N/m 2 ( < 10-5 torr). Specimen gage sections were wrapped in t
tantalum loll for additional contamination protection during testing.
'; Creep Testlng
_,_.
_ All creep tests were performed on specimensmachined from single passGTA sheet welds.
The specimen configuration used in all cases is that shown in Figure 5. All tests were
_'i conducted in sputter ion pumpedultra-high vacuum creep systems. Pressureswere maintained
_:" < 1.33 x 10"6N/m2(< 10-8 torr) throughout testing. Details of test temperatures and stresses
are reported in the appropriate Resultssection of this report.
8
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., J0.375+0.005in.
I ._- 2.0 + 0.1 in
0.208 + 0.015 in.
m
0.160 + 0.015 in.
m
0.048+ 0.003 in._ .4=--
, _,25o
• _ III
_ im • I
0.032 + 0.003 in.
m
FIGURE2 - ButtJoint ConfigurationUsedfor Plate Welds.
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FIGURE 5 - Specimen Configuration Used for Creep Testson
T-111 and ASTAR-811C GTA Sheet Welds.
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Scanning Electron Microscopy
Examination and charocterizatlon of frac*ure surfaces wasoccomplished usln9 the Cambridge
/ Stereoscan-Mark Ila scanning electron microscope located at the Westinghouse Researchand
._ Development Center. In addition to its basic scanning function this instrument is equipped
_ to provide for energy-dispersive x-ray spectrography as well as for the recording of electron
channeling patterns fromselected surface areas (smaller than 5 microns in diameter, from a
surface layer lessthan several hundred angstromunits thick). This instrument therefore
provides the unique capability of recording surface features, surface composition and
crystallographic details of the identical area of a specimen.
The excellent depth of focusand resolution of the scanning electron microscope eliminated
the necessity for specimen preparation, thereby allowing immediate and direct observation
of the fracture surfaces.
TransmissionElectron Microscopy
Thin foils were prepared from selected T-111 specimensand examined using the Philips EM-300
transmissionelectron microscope located at the WestinghouseResearchand Development
Center. The foils were prepared by mechanically polishing specimens to a thicknessof
about 0.010 cm, then electropolishing at room temperature in an electrolyte of 85 H2SO4-15HF
to breakthrough.
3.3 ProgramMaterials
3.3.1 T-111
The [-_11 used for this evaluation was furnished by NASA-Lewis from material remaining
from Contract NAS 3-10602 (Development of Large Diameter T-111 Tubing). For that program
a 1061 kg (2340 Ib) T-111 ingot, the largest single tantalum-base alloy ingot ever produced,
was prepared by a combination of electron beam and comumable vacuum arc melting.
Detailed description of the processing of this material has been reported elsewhere(1).
_ 13
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\Specific details regarding the location and history of the various individual specimen types
will be presented in a later <ection of this report. Chemical analysesof the as-cast ingot
are presented in Table 1.
t
3.3.2 ASTAR-811C
To provide sufficient material for this program and companion Tasksof this contract (2'3),
"' ASTAR-811C was produced in a commercial size ingot for the first time. _. 137.9 kg (304 Ib)
ingot was prepared by Wah Chang Corporation of Albany, Oregon using double vacuum-arc
melting practice. The 18.4 crn (7-1/4 inch) diameter ingot was canned in molybdenumand
extruded at 1649°C (3000°F) usinga 3:1 extrusion ratio. The machined ingot and molybdenum
extrusion con are shown prior to assembly in Figure 6. Following extrusion and cleanup the
usable yield, weighing 110.6 kg (244 Ibs), was annealed 1 hour at 1649°C (3000°F), then
forged to sheet bar at 1260°C (2300°F). After cleanup the as-forged sheet bar was processed
, to plate, sheet and wire as required to satisfy the testing requirementsof the experimental
progrom.
Metallurgical data and chemical analysesof the as-recelved moterial are presented in Tables
L_
2 and 3, respectively. Also shown in Table 3 are the analyzed chemistry values for the I
original development heat of ASTAR-811C produced at the Astronuch:ar Laboratory under
Contract NAS 3-2542 (4). The slightly higher W end Re contents of the program heat (Heat
650078) suggestedthe desirability of characterizing the basemetal mechanical properties
of this material. Basemetal tensile properties were determined at -196 °, RT, 1205°, 1649°
_ and 1982°C (-320 °, RT, 2200°, 3000° and 3600°F) using0.089 cm (0.035 inch) thick sheet
specimens. Theseresultsare presented in Table 4 along with the data for comparable tests
conducted under NAS 3-2542. The program heat is seen to be somewhatstronger than the
development heat, particularly at the lower test temperatures, although the ductility,
measured in termsof the tensile elongation, is quite similar. It bend tests (33% outer fiber
strain) indicated a bend DBTTof -157°C (-250°F) for Heat 650078 as compared to < -196°C
(< -320°F) for the development heat. The high yield and ultimate tensile strength is !ikely
\ 14
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., TABLE 1 - Chemical Analyses of As-Melted T-111 Ingot.
Ingot Locatlon(a) Wah Chang Analysis (b) We.s!inghouseAnalysis (b)
W Hf C O N W Hf C O N
ii w
Top(surface) 8.1 2.05 40 70 25 ......
Top (interior) 7.9 2.35 -- 7.8 2.16 16 15 18
Center (surface) 7.9 1.95 40 -- 27 ......
• Center (interior) .......... 7.9 1.98 16 23 --
Bottom(surface) 8.3 1.95 -,u 60 29 ......
Bottom (interior) 8.5 1.75 50 -- 5 8.2 1.68 12 21 5
wl |
(a) Refersto position along the length of the 42 inch (106.7 cm.) long, 10 inch (25.4 cm.)
diameter ingot.
(b)/V_tal analyses in w/o ; inten:titial analyses in wt. ppm.
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/
FIGURE6 - ASTAR- 811C Ingot andMolybdenum
ContainerPrior to ._ssemblyforExtrusion.
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- Hardness(a) Grain SizeForm UsedFor
Kg//mm2 107N/m2 ASTM Avg. Dia.,lsm.
,, L ;lity(b )0.035 in(0.089 cm.)Sheet 276 270 8.5 19 bendduct
0.220///0.375inch(0.559// ...... 8.5 22 plate weld
0.952 cm.) Plate studies(b)
0.125 in.(0.318 cm.) Plate 283 277 9.5 13 Varestraint(c)
0.035 ill. (0.089 cm.) Sheet 281 -°75 9.5 13 Fracturestudies
(a) 10 Kg (98.06 N) loadusedfor hardnessdeterminations,
(b) Subjectof TaskI ; seeReference(2).
(c) Subjectof TaskII ; seeReference(3).
TABLE2 - Metallurgical Dat_,fur As-RecelvedASTAR-811C
(Heat 650078).
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\Analysis (a)Form Certified Analysis (a) Check
Re Ta W Hf C O N C O N
0.220/0.375 inch 1.39 Bal 8.1 0.9 245 50 12 240 10 10
(0.559/0.952 cm)
Plate
0.125 inch(0.318 1.39 Bal 8.1 0.9 230 75 15 210 10 10
' cm) Plate
0.035 inch(0.089 1.39 Bal 8.1 0.9 250 50 12 230 10 12
cm) Sheet
F
Original Develop- 0.98 Bal 7.3 0.86 200 13 20 - -
ment Heat (b)
._ (a) Metal analyses in w/o; C,O_N, analyses in wt. ppm.
_ (b) Original development heat data from Referenc_ (4).
TABLE 3 - Chemical Analysls of As-Received ASTAR-811C (Heat 650078).
i
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!
:: Heat (a) Test Temp. J UTS .0.2% Y.S. % Elongation
_ OF °C ksi 107 N/m 2 ksl 107 N/m 2" Unif. Total
650078 - 320 - 196 182.9 126.1 166.5 114.8 18.2 24.9
3-2542 - 320 - 196 165.3 114.0 147.7 101.8 22.1 26.3
650078 RT RT 117.5 81.0 98.1 67.6 15.3 27.3
3-2542 RT RT 104.0 71.7 85.0 58.6 16.4 26.6
650078 2200 1205 58.8 40.5 36.3 25.0 15.4 29.1
3-2542 2200 1205 49.9 34.4 31.6 21.8 -- 28.8
650078 3000 1649 23.5 16.2 22.1 15.2 1.4 87.4
3-2542 2800 1538 28.4 19.6 23.0 15.8 -- 49.5
650078 3600 1982 10.3 7.1 10.1 7.0 0.6 112.7
(a) Heat 650078 used this program.
Original developmentheat referencedas 3-2542 ; seeReference(4).
A constant0.05 mln-1 strain rate usedthroughout all tests.
TABLE 4 - Comparative Tensile Properties for ProgramASTAR-811C
and Original DevelopmentHeat.
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\_r, due to the slightly higher tungsten and rhenium contents. Rhenium, in particjlar, has been
._ observed to be a poten._solid solution strengthener at low temperatures when present in the
_'-? tantalum matrix (5). The relevance of the difference in materials is discussed laler in the
/ "_.'
appropriate Results section of this report.
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4.0 RESULTS
The purposeof this section is to present the test data obtained during the performance of the
experimental program. Other data pertinent to the evaluation of these data are also
presented. These include pre- and post-test metallography, hardness determinations, and
the results of examinations of the fracture surfaces with scanning ele':'-on microscopy. The
general discuss;on _r these results is deferred to the DISCUSSION section of this report.
4.1 Temperature-Time Profile Deterr.ir.ations in Plate Welds
The temperature-time profiles encountered during multipass GTA welding of 0.952 cm
(3/'8 inch) T-111 plate were determined by measuring the output of thermocouples, embedded
in the base region of plate welds, during deposition of subsequent filler passes. A review of
the specific processhistory of the welds used for this purpose follows:
a) 3 T-111 0.952 cm (3/8 inch) plate specimenswere machined for welding.
• Weld joint design shown in Figure 2 wa_ used.
b) A root (centerline fusion) passand 2 filler posseswere completed.
c) Holes were drilled from the underside of the plates to a depth which would
allow the thermocouple beads to be placed about 0.254 :m (0.10 inch) below
the weld surface. Details of the weld joint-thermocouple geometry are shown
in Figure 7. The thermocoupleswere located so as to be in regions of severe
grain boundary cracking.
d) W vsW/26Re thermocoupleseencased in tantalum sheathsand insulated by
beryllla powde;, were placed in the drilled holes.
e) The plate weldsedesignated BI, B2and B3, were then completed usingas
many additional filler passesas required to fill the weld joint. The
temperature-Hme profiles were recorded directly for each of the thermocouples
in a particular weld joint on separate Speedomax G strip-chart recorders.
21
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FIGURE 7 -Weld Joint-Thermocouple Geometry Used for Time-Temperature
Measurements in Plate Welds.
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f) Following welding the various welds were sectioned to determine the location
and incidence of groin I:x_undorycrocking.
The thermal records obtained for plate welds B], B2 and B3 ore summarized in Tables 5, 6/
Z and 7, respectively, in termsof heat input and peak temperature obtained. A plot of the
temperature vs. time data for one of the thermocouples used in plate weld B1 is shown in
.. Figure 8. The general shape of these curves is typical of thermocouple records made at
points very near fusion zones in plate _velds(6'7'8).
The mathematics of conduction from moving heat sburces has been treated in classical works
on heat conduction (9' 10) and, with the establlshment of certain idealized boundary conditions,
solutions presented can be applied quite realistically to the field of welding. Adams(6) has
discussed some of the more difficult problems encountered in trying to obtain metallurgically
useful information from such solutions and has demonstrated a reasonable degree of success
can be attained so long as one properly defines the obtaining heat flow conditions. One
might therefore argue for the calculation, rather than the experimental determination, of the
temperatures of interest. However, for the present program several factors complicate a purely
mathematical approach to the point of extreme difficulty. These include:
• Irregularities in weld filler metal deposition rate due to the manual weld techniques
employed.
• The limited specimen size would necessitate further modifications of the already
idealized boundary conditions of the mathematical solutions.
• The extremely high melting point, and hence weld metal deposition temperature,
of tantalum base alloys indicates heat lossesby rdlation probably constitute the
major source of heat lossto temperatures as lo,v as _ i6°C (1500°F). Normal heat
conduction equations (and their solutions), by definition, do not provide a means
for taking this into account.
,=
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\The data c,f Tables 5, 6 and 7 indicate the peak temperature in the regions most severely
affected by grain boundary underpasscracking ranges from 1371°C (2500°F) to just over
/ 1982°C (3600°F). The high temperature tensile testson GTA sheet welds in T-111 and
._ ASTAR-811C indicated a ductility minimum, in termsof total elongation at fracture, exists
within this range of temperatures. This temperature,range is consistent with the pmwslcal
metallurgy of those processeswhich would be expected to reduce the importance of stress
. concentrations at the grain boundaries. At lower temperatures work-hardening should occur
more uniformly throughout the matrix and regions adjacent to the grain boundaries while at
! highcr temperaturesthe ease with which dynamic softening processesor grain boundary
migration occur should alleviate the tendency for formation and propagation of grain
boundary cracks.
As a result of the temperature-time measurements,test remperatures for the as-cast T-111
and ASTAR-811C specimens were placed in the temperature range 1205° through 1982°C
(2200° through 3600°F), inclusive.
4.2 Tensile Testing
Testswere conducted on T-111 and ASTAR-811C specimensrepresenting a variety of
metallurgical conditions. The initial, and mostextensive, evaluation was conducted using
specimensprepared from as-cast material. In addition, testswere conducted on wrought-
recrystallized rod, single passGTA welded 0.152 cm (0.060 inch) sheer, and specimens
machined from multiposs GTA plate welds in 0.952 cm (3/8 inch) thick plate.
The initial microstructure of each of these material formsare shownin Figures 9 through 12.
The average grain size and Vickers hardnesswere determined to be as follows:
e
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23,201 Grain Size 0.72 ram. 50X
DPH 190
T-111
\
/
t •
23,202 Grain Size 0.8 - 1.2 ram. 50X
DPH 284
ASTAR-811C
FIGURE9 - Pre-TestMicrostructureof As.Cast T-I 11 andASTAR-811C.
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23,171 Grain Size 0.029 ram. lOOX
DPH 206
T-111
1
4
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,*
%
o l
IJ I I _ , _l . i, I
23,203 Grain Slze 0.012 ram. 200X
DPH 265
ASTAR-811C
FIGURE I0 - Pre-Test Microstructu_e of Wrought-Recrystalllzed T.| l 1
and ASTAR-SI 1C.
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23,225 Grain Size 0.031 ram. 100X
DPH 224
T-111
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.,,,,3_/'_, • _. ,.¢_ t. i _,,.i_,.,ii _t_ ._ .. _, ....-; i
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¢,.- ;.$:_.,_-,_ .z.v, ,-. _,",_.',._zk'+_-'":•" ",(_'t_'_. V
fN't, _.__:2'__" a'. _,T;:...,,,<-,,-._, .- ".,G_
,. . ,
"_, ,,, _,- f_ / . _,'_r- , , ; _ _, , _,. ,4r • _ ,i"_ ." ,,,* .
23,332 Grain Size 0.017 mm. 100X
DPH286
ASTAR-811C
FIGURE11 - Pre-TestMicrostructureof T-111 and ASTAR-811CSheet.
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23,211 ]00X 23,]78 Grain Size 0.025 ram. 100X
DPH 218
WELD BASE METAL
T-111
23,213 100X 23,214 Grain Size 0.026 ram. 100X
DPH 287
WELD/HAZ BASEMETAL
ASTAR-811C
FIGURE 12 - Pre-Test Microstructure of the Weld Zone and Unaffected
BaseMetal in GTA Plate Welds in T-111 and ASTAR-811C.
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" T-111 Hardness(b) ASTAR-811C (b)Form Hardness
Gr. Size (a) kg/mm 2 107N/m 2 Gr. Size (a) kg/mm 2 107N/m 2
:t Cast(C)/ 0.72 mm 190 186 As 0.8-1.2 mm 284 278
0.029 206 202 Wrt-Recryst. 0.012 265 260
0.031 224 220 Sheet 0.017 286 280
0.025 218 214 Plate Weld (d) 0.026 287 281
(a) Determined by linear intercept method.
(b) 10 kg (98.06 N) load.
(c) Average value - doesn't reflect orientation factors.
(d) For base metal only.
' Test data are presented below by specimen type. Also provided are the results of visual and
metallographic examinations of the individual specimens as well as the results of fractographlc
evaluations conducted with the scanning electron microscope (SEM).
As-Cast Specimens
Tensile tests were performed at five temperatures uslng three different strain r_tes at each
temperature. Test temperatures were selected based on the results presented in Sectlon 4.1
for the measurement of temperature time proqles in multlpass GTA plate welds. Strain rates,
selected to bracket the probable straln-tlme cond|tions pertinent to the deformation and grain
-1 -1
boundary fracture behavior observed in plate welds, ranged from 0.005 rain. to 2.0 mln.
-1
Testing at a 0.005 mln. strain rate is not generally soundengineering practice at pressures
greater than 1.33 x 10-6 N/m 2 (10-8 tort) above 1649°C (3000°F), particularly for a carbide-
i strengthened alloy such as ASTAR-811C, due to the potential for decarburization. Hence, the
' minimum strain rate used for ASTAR-811C testswas 0.05 min.-1, while several T-111 specimens
-1
were tested at 0.005 rain. .
The resultsof these tests are tabulated in Tables 8 and 9 for T-111 and ASTAR-811C,
respectively. The effect of testing at the higher strain rates was to displace the tensile
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TEST STRAIN RATE, mln
TENSILE PROPERTY
0.005 0.05 0.5 2.0
,_ .,
1 : "-" 107N/m 2)u UTS, ksi ( 36.7 (25.3) .... 41.0 (28.3) 39.9 (27.5)
,-- o 07N/m2 )o 0.2% Y.S., ksi (1 28.3 (19.5) .... 27.1 (18.7) 25.4 (17.5)oq
p...
" E" Unif. Elong., % 3.7 .... 8.5 10.5
". _
o Total Elong., % 6.4 .... 12.0 14.8
eq
c,4
J,
"z
_" UTS, ksi (107 N/m 2) .... 24.6(17.0) 27.9 (19.2) 30.2 (20.8)
m2)
_ 0.2% Y.S., ksi(107N/ .... 22.5(15.5) 22.5 (15.5) 25.6 (17.6)
_" Unif. Elong., % .... 1.1 2.5 2.2
% Total Elong., % .... 1.1 2.5 2.2
",O
cN
"" ( 107 m2)D ,-, UTS, ksi N/ 15.9 (11.0) .... 22.1 (15.2) 22.6 (15.6)uo
,-.- o, 0.2O,6Y.S.,,ks: (107N/m 2) ........ 21.5 (14.8) 21.0 (14.5)• uu _I"
m. ",O
_ Unif. Elong., % 0.1 .... 0.5 0.9UJ IJ-
% Total Elong., % 0.1 .... 1.0 1.3
,,'2., .,
" _" UTS, ksi (107 N/m 2) 8.1 (5.6) .... 16.5 (11.4) 19.6 (13.5)% t
_ 0.2% Y.S., ksi(107 N/m 2) 7.9 (5.4) ........ 19.3(13.3)
i1 Unif. Elong. , % 0.5 .... 0.1 0.4oo
O
eo Total Elong. , % 0.7 .... 0.2 0.6¢'9
.. ,.-., 07 m2)
_'; u UTS, ksl ( N/ 4.6 (3.2) ---- 12.9 (8.9) 13.8 (9.5)
_; eo 0.2O/_,Y.S., ksi (107 N/m 2) 4.4 (3.0) 12.7 (8.8) 13.8 (9.5)_' O', ....
u. Unif. Elong., % 1.4 .... 0.2 0.2
: Total Elong., % 3.9 .... 0.3 0.4
eo
TABLE 8 - Summaryof Tensile Test Resultson As-Cast T-111.
/ Test Temperaturesand Strain Ratesas Indicated.
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TEST STRAIN RATE , rain
TENSILE PROPERTY
0.005 0.05 0.5 2.0
, ,,
/ _. UTS, ksi (107N/m 2) .... 61.1 (42.1) 62.0 (42.7) 62.6 (43.2)
.. o 0.2%Y.S.,ksi (107N/m 2) .... 41.7 (28.8) 41.3 (28.5) 38.5 (26.5)
"_ O
C'4
,_ Unif. Elong.,% .... 6.7 8.8 14.5
" _ Total Elong.,% .... 11.8 15.0 21.6
--- UTS, ksi (107N/m 2) 34.3 (23.6) .... >40 (>27.6) (a) 41.8 (28.8)u
0.2%Y.S., ksi (107N/m 2) 32.6 (22.5) ........ 35.0 (24.1)
_- Unif. Elong.,% 2.8 .... 1.7 (b) 7.214.
O
o Total Elong.,% 14.4 ........ 12.1O
_O
"-" (107 m2)D --- UTS,ksi N/ .... 24.6 (17.0) 31.1 (21.4) 33.3 (23.0)
_- u
°o" 0.2% Y.S., ksi(107 N/m 2) .... 24.6 (17.0) 30.8 (21.2) ....
o_
:_ ,_, Unif. Elong.,% .... 0.2 0.5 0.2144 II
I'-- O
u__- _ Total Elong.,% .... 1.0 0.6 0.3
uJ _
_ UTS,ksl(107N/m2) .... 17.0(11.7) 22.5(15.5) 25.4(17.5)
%_ 0._',_Y.S.,ks_(107N/m2) .... 15.5(10.7) 21.0(14.5) 23.0(15.8)
_- Unif. Elong.,% .... 1.3 4.1 3.3
Total Elong.,% .... 4.2 5.3 4.0O3
t_
_" UTS, ksi (107 N/m 2) .... 10.6 (7.3) 14.0 (9.6) 17.3 (11.9)
o_ 0.2% Y.S.,ksi (107 N/m 2) .... 9.6 (6.6) 14.0 (9.6) 17.3 (11.9)o,
_ Unif. Elong.,% .... 1.3 0.2 0.2Total Elong.,% .... 2.4 0.2 0.4
¢"3
m
(a) - Specimen _ fractured ; reached load limit of testing machine.
(b) - Measuredelongation of the unfractured specimen.
TABLE 9 - Summary of Temile Test Results on _-Cast ASTAR-811C. Test Temperatures and
Strain Ratesas Indicated.
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.- property vs. test temperature data to slightly higher temperatures. Little effect of
'_, strain rate on fracture appearance was observed, the fracture appearance being predominantly
/ _ a function of test temperature. Hence, primary emphasis of both the metallographic and
-- fractographic evaluations was directed toward the specimens tested at the slower strain rates.
-. "_ Comparison of the data for T-111 and ASTAR-811C confirms the expected greater high temper-
i:. ature strength of ASTAR-811C but indicates little difference in the ductility of the two alloys
;: in the as-cast condition above 1427°C (2600°F).
The mechanical properties of these alloys are known to be influenced by the presence of
hafnium as an alloying addition and, in the case of ASTAR-811C, the presence of intentionally
added carbon. To assess the probable role of these factors on the observed ductility and
fracture behavior of T-111 and ASTAR-811C, several tensile tests were performed on specimens
of as-cast, EB melted Ta-10W alloy. The results of these tests are presented in Table 10,
where the fracture strains are seen to be alarmingly low, much like those observed for T-111/h
_ and ASTAR-811C. This implies the very large grain size of the as-cast specimens may be
:' largely responsible for the very low tensile elongations observed.
The coarse, planar appearance of the fracture surfaces of both alloys suggested grain boundary
.. fracture. Typical examples of this are shown in Figure 13. Grain boundary delineatlon and
' cracking was observed along the gage lengths of the specimens tested at 1649°C (3000°F) and
_: above, becoming mostsevere at 1982°C (3600°F), Figure 14. Ta-10W behaved in a manner
_: identical to that of T-111 and ASTAR-811C, displaying severe gage length grain boundary
_' cracking at 1649° and 1982°C (3000° and 3600°F). Speclmens tested at 1205°C (2200°F),
_" particularly ASTAR-811C and Ta-10W, failed in a chlsel-polnt fracture approaching 100%
_.i, reduction in area. Most of the specimenstested at the higher temperatures, despite the low
total strain accommodation, exhiblted regions of considerable localized deformation. This
implies the obser_,edbehavior is not due to a true lack of ductility but rather due to the
• inability of the specimen to deform uniformly.
,r
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TestTemp. UTS 0.2% Y.S. % Elongation
OF °C ksl 107 N/m 2 ksi 107 N/m 2 Unlf. Total
2200 1205 21.9 15.1 18.2 12.5 3.7 18.1
3000 1649 13.8 9.5 13.2 9.1 0.6 2.0
3600 1982 7.2 5.0 ...... 0.2 0.4
-1
All testsat 0.005 min strain rate throughout.
TABLE10 - TensileTestResultson As-Cast EBMelted Ta-10W
RoundBarSpecimens.
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/
Testedat 3000°F (16491C) 12X Testedat 3300°F (11816°C) 12X
at 0.005 min- strain rate at 0.005 rain" strain rate
T-111
"llJ'
.11,,,-
, Testedat 3000OF(16490C) 12X
-I
at 0.05 min strain rate.
ASTAR-811C
FIGURE13 - Typical Fracture Surfacesof As-Cast T-111 and ASTAR-811C
Specimens.TestTemperatureand StrainRate as Indicated.
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Testedat 3600UF(19820C) 12X
at 0.005 mln-lstrain rate
.... i .......
-1
Testedat 36000F(19820C) at 0.005 min strain rate 12X
FIGURE14 - FractureSurface,'nd Gage Lengthof As-Cast
T-111 SpecimenTestedas Indicated.
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Metallographic examination revealed the T-111 microstructures to be quite clean (i.e.,
• free of general or localized precipitation). Internal grain boundaries, particularly those
transverse to the stressaxis, displayed evidence of void formation and intergranulcr cracking./
" Typical post-test microstructures of the as-cast T-111 are shown in Figure 15.
. ASTAR-811C specimensdemonstrateda lesser tendency toward internal grain boundary
cracking than T-111 at most test temperatures. However, cracking was quite prominent in
" specimenstested at 1649°C (3000°F) and higher. Cracks were primarily along boundaries
transverseto the stressaxis (top, Figure 16) while boundaries oriented obliquely to the stress
axis displayed the somewhatunusual appearance seen in the photomicrographat the bottom
of Figure 16. The region adjacent to the oblique boundary has apparently undergone extensive
Iocallze6 recrystallization, presumably as the direct result of the Iocallzed deformation
occurring there during testing. Note the lack of deformation substructure in the areas away
from the boundary.
SEM Fractography - The topology of the fracture surfaces was characterized by meansof the
scanning electron microscope (SEM). This comparatively new tool offers tremendouspotential
in the study of fractures due to its unique, invaluable large depth of field.
Scanning mlcrographsof the as-cast T-111 specimen tested at 1205°C (2200°F) are shown in
Figure 17. Despite the "brittle" appearance at low magnifications, inspection at high
magnifications reveals dimpled features characteristic of ductile fracture (9). Note also the
turbulent-appearlng zone adjacent to the grain F,oundaryin the 1000X micrograph. Dimpled
rupture is shownin several different orientations in the T-111 specimen tested at 1427°C
(2600°F), Figure 18. After testing at 1649°C (3000°F), where the fracture strain wasonly
0.1 percent, evidence of dimpled rupture persists, Figure 19. However, the size of the "zone"
associated with the dimples appears to have increased.
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\2600_FTested at (1427-C) 1500X
-I
at 0.05mln strainrate
FractureStrain1.1%
FIGURE 15 - Post-Te_t Microstructures of As-Cast T-111 Specimens.
Test Conditions as Indicated.
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;'_i_'' h, /_.,'
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_' }:' Axis
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Testedat 3000OF(16490C)
-1
at 0.05 min strainrate
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Axis
FractureStrain 1.0%
22,542 1500X
FIGURE16 - Post- TestMicrostructureof As-CastASTAR-811C
Specirnem.TestConditionsas Indicated.
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40X 200X
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I
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]000X 4000X
Strain Rate 0.005 mln "1. Fracture Strain 6.4%,
FIGURE17 - ScanningEleclronMicrographsof the Fracture
Surfaceof an As-CastT-111 SpecimenTested i
at 2200°F(1205°C).
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40X 1000X
.l
2000X 2000X
Strain Rate 0.05 min"1 Fracture Strain 1.1%.
FIGURE 18 - Scannlrsg Electron Micrographs of the Fracture
Surface of an As-Cast T-111 Specimen Tested
at 2600°F (1427°,',;).
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\50X
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Strain Rate 0,005 mln . Fracture Strain 0.1%.
FIGURE19 - ScanningElectron Micrographsof the Fracture
Surfaceof an As-Cast T-111 SpecimenTested
at 3000°F (1649°C),
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\The fracture surfaces of as-cast T-111 specimens tested at 1816° and 1982°C (3300° and 3600°F)
exhibited general features much like those of the 1649°C (3000°F) specimen. Typical
'_ micrographs are shown in Figure 20 for the 1816°C (3300°F) t_t specimen. Figure 21 shows
/
micrographs of another area on the fracture surface of the 1816°C (3300°F) specimen. The
surface is marked with a high density of striations which, on inspection at higher magnifications,
are seen to be associated with microvoids ('-0.5 tsm. in dlametel) at their apparent point of
initiation. Very small precipitates are associated wit',- several of the microvoids. Attempts
._oidentify these with the x-ray spectrometer attachment to the SEM were unsuccessful due
to their very small size. The unusual appearance of this surface is believed to be due to the
unique conditions under which this grain boundary region deformed during testing. Correlation
of the micrographs with the macroscopic fracture surface revealed this grain boundary region
was disposed to the axis of the applied stress in such a way as to subject it to a stresssystem
having a very high shear component. From the appearance of the striations we can infer at
least two, and possibly more, separate shearing motions occurred. The change in direction of
" the striations ,mplles that as the total system (i.e., this grain and at least the immediately
adjoining grains) deformed the relatlve motion of the two grains forming the interfcce shown
in Figure 21 occurred in two directlons_ apparently in alternating fashion.
Representative micrographs of the fracture surfaces of the as-cast ASTAR-811C specimens
tested at 1427°, 1649° and 1816°C (2600°, 3000° and 3300°F) are shown in Figures 22 and
23. Differences between the two alloys are not large although_ except for the 1649°C
(3000°F) test, the ductillty loss is not quite as drastic in ASTAR-811C.
Wrought-Recrystallized Specimens
Tensile re._tswere performed on T-111 and ASTAR-811C specimens at 1427°, 1649° and
18160C (2600°, 3000° and 3300°F) using a constant 0.05 rain. -1 strain rate throughout all
tests. Test results are presented for both alloys in Table II. Comparison with the data for
as-cast material, Tables 8 and 9, reveals a tremendous increase in total tensile elongatlon for
the wrought-recrystalllzed specimens whereas the other tensile properties are quite similar.
46
• • m.
1973022798-057
\IO00X
Strain Rate 0.005 min -1 Fracture Strain 0.7%.
FIGURE 20 - Scanning Electron Micrographs of the Fracture
Surfaceof an As-Cust T-111 SpecimenTested
at 3300°F (1816°C).
(_ AstronuclearLaboratory
. _ ,,ep.
1000X
,m
4000X
: -1
,: Strain Rate 0.005 min . Fractare Strain 0.7%.
FIGURE21 - SCanningElectron Micrographsof the Fracture
Surface of an As-Cast T-111 SpecimenTested
at 3300°F (1816°C).
1973022798-059
\-1
Strain Rate 0.005 mln .
Fracture Strain 14.4%.
7200X
FIGURE 22 - Scanning Electron Micrographs of the Fracture
Surface of an As -CastASTAR-811CSpecimen
Testedat 2600°F (1427°C).
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Testedat 3300°F (1816°C)
FIGURE23 - Scanning Electron Micrographsof the Fracture Surface
of As-Cast ASTAR-811CSpecimensTestedas Indicated.
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Test Temp. UTS 0.2% Y.S. % Elongation
Alloy o F °C ksi 107N/m 2 ksi 107 N/m 2 Unif. Total
T-111 2600 1427 31.3 21.6 24.1 16.6 11.0 31.0
T-111 3000 1649 20.3 14.0 20.2 13.9 1.5 46.1
T-111 3300 1816 12.6 8.7 11.5 7.9 0.4 71.6
ASTAR-811C 2600 1427 39.9 27.5 36.0 24.8 1.2+ (a)
• ASTAR-811C 3000 1649 23.4 16.1 23.2 16.0 0.5 71.9
ASTAK-811C 3300 1816 16.3 11.2 16.3 11.2 0.6 64.2
(a) No fracture ; reached load limit of testing machine.
-1
0.05 m;n strain rate usedthroughout all tests.
TABLE 11 - Summaryof Tensile Test Resultson Wrought-Recrystalllzed
T-111 and ASTAR-811C.
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\The extremely fine grain size of these materials made it impossible to view the fracture
surfaces directly with the optical microscope. Pesults of metallographlc examination of the
/ T-111 specimens are presented in Figures 24 through 26. At 1427°C (2600°F), Figure 24,
the cracking is entlrely intergranular and is most severe on transverse boundaries. At high
magnifications the serrated, irregular character of the grain boundary regions is apparent.
"_ After testing at 1649°C (3000°F), Figure 25, the grain boundary distortion and serratlon is
greater and more evidence of intragranular deformation is seen. Despite the high fracture
strain at 1816°C (3300°F) the intergranular cracking is extremely severe, Figure 26. The
irregularly shaped grain boundaries seen in the 1500X photos hcve undergone considerable
change in position under the combined influence of high test temperature and applied stress.
The 1427°C (2600°F) ASTAR-811C specimen was not fractured due to the load limit of the
testing machine being used. Only about 1% plastic strain was achieved and, as reference to
Figure 27 shows, the mlcrostructure was unaffected. Testing ASTAR-811C at 1649°C (3000°F),
Figure 28, resulted in much less intergranular cracking than was observed for similar tests on
• T-111 (Figure 25). The regions adjacent to the grain boundaries have undergone considerable
local change, including grain boundary migration and substructure development. The
speclmen tested at 1816°C (3300°F), Figure 29, looked quite similar to the 1649°C (3000°F)
P
specimen except possibly that a small amount of grain growth had occurred at the higher test
temperature.
." SEM Fractography - Only the speclmens tested at 1649° and 1816°C (3000° and 3300°F) were
',4
examined with the scanning electron mlcroscope. Typical micrographs of the fracture surface
' .L," are shown in Figure 30. Desplte the widespread intergranular cracking which occurs during
: deformation the fracture appears to have occurred by ductile rupture of the individual grains
,r
comprmlng the fracture surface.
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FIGURE24 - Post-TestMicrostructureof Wrought-Recrystalllzed
T-111 SpecimenTestedat 2600°F (1427°C).
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FIGURE25 - Post-TestMicrostructureof Wrought-Recrystalllzedo o
T-111 SpecimenTestedat 3000 F (1649 C).
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\FIGURE26- Post-TestMicrostructureof Wrought-Recrystallized
T-111 SpecimenTestedat 3300°F (1816°C).
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23,203 1500X
Strain Rate0.05 rain-1 Specimennot fractured.
I
FIGURE27 - Post-TestMicrostructureof Wrought-Recrystallized
ASTAR-811CSpecimenTestedat 2600°F (1427°C).
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FIGURE28 - Post-TestMicrostructureof Wrought-Recrystolllzed
ASTAR=811CSpecimenTestedat 3000°F (1647°C).
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FIGURE29 - Post-Te_tMicrostructureof Wrought-Recrystallized
ASTAR-811C Specimen Tested at 330OAF(18160C).
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FIGURE30 - Scanning Electron Micrographsof the Fracture
Surface of a Wrought-Recrystallized ASTAR-811C
SpecimenTestedat 3000°F (1649°C).
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GTA Sheet Weld Specimens
Tensile tests were performed on single pass GTA sheet weld specimens in T-111 and
: ASTAR-811C in two separate evaluations. The first set of tests were performed to duplicate
the test conditions used for the wrought-recrystallized material reported in the preceding
section. The results of these tests are presented in tabular form in Table 12. All tests were
-1
run using a constant 0.05 rain. strain rate throughout.
?
I,, addltion, tensile tests were performed at 982°, 1205°, 1427°, 1538°, 1760° and 1982°C
(1800°, 2200°, 2600°, 2800°, 3200° and 3600°F) on a series of T-111 and ASTAR-811C
longitudinal GrA-welded specimens. The initial intent of these tests was to permit
evaluation of the possible role of grain boundary sliding in tensile deformation at moderate
strain rates. Hence, prior to testing, the gage lengths of these specimens were metallographlcally
-1
polished and scribed with grid lines. All tests were performed using a constant 0.005 mln.
strain rate throughout. Results of these tests are presented in Table 13. Apparent differences
in the property data of Tables 12 and 13 are largely due to the higher strain rate used to
generate the test data of Table 12.
The relative contribution of grain boundary sliding to total strain is known to increase with
p
decreasing strain rate and increasing test temperature. Post-test examination of the tensile
specimens which were grid-lined prior to testing indicated that at the strain rate - test
temperature conditions employed the contribution of grain boundary sliding to total strain
wasquite :mall. The fine grain structure of the weld specimens further complicates the
analysis by making available a large numberof grain boundaries to accommodate the total
sliding strain. Hence, the sliding strain observed at any given boundary is extremely small.
!"
The data of both Tables 12 a.d 13 indicate greater ductility for the ASTAR-811C specimens
than for the T-111 specimens. This is consistent with the general trend observed for the other
types of specimens reported previously. The resultsof optical metallographlc examinations
of the specimensrepresentedon Tables 12 and 13 are summarized below:
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. Test Temp. UTS 0.2% Y.S. % Elongation
Alloy o F °C ksi 107N/m 2 ksl 107 N/m 2 Unif. Total
T-11 i 2600 1427 29.3 20.2 25.7 17.7 1.6 3.1
T-111 3000 16t9 18.6 12.8 17.5 12.1 1.7 3.5
T-111 3300 1816 12.6 8.7 11.5 7.9 5.1 10.4
ASTAR-811C 2600 1427 47.9 33.0 35.9 24.8 5.0 16.7
" ASTAR-811C 3000 1649 24.1 16.6 22.2 15.3 3.7 18.2
ASTAR-811C 3300 1816 15.8 10.9 10.8 7.4 18.9 46.5
-1
0.05 rain strain rate used throughout all tests.
TABLE 12 - Summaryof Tensile Test Resultson Longitudinal GTA Sheet Weld
Specimens in T-111 and ASTAR-811C Sheet.
\
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_ Alloy Test Temp. UTS 0.2% Y.S, % Elongation
OF °C ksl I 107N/m2 ksi 107 N/m 2 Unlf. Total
T-111 1800 982 58.6 40.4 39.0 26.9 8.9 14.6
T-111 2200 1205 37.3 25.7 22.4 15.4 3.1 7.6
T-111 2600 1427 23.3 16.1 20.5 14.1 1.4 4.8
T-! 11 2800 153g 17.8 12.3 16.8 11.6 1.2 4.8
T-1 ! 1 3200 1760 7.2 5.0 5.5 3.8 11.2 27.0
T-111 3600 1982 4.1 2.8 2.4 1.6 10.2 72.8
ASTAR-811C 1800 982 >77.5 > 53.4 50.6 34.9 6.0 > 19.0(a)
' ASTAR-811C 2200 1205 65,5 45.2 46.8 32.3 7.0 20.6
ASTAR-811C 2600 1427 40,3 27.8 36.2 25.0 3.2 14.8
ASTAR-811C 2800 1538 29,6 20.4 26.2 18.1 1.5 9.8
ASTAR-811C 3200 1760 10,2 7.0 7.5 5.2 9.7 40.5
ASTAR-811C 3600 1982 4.2 2.9 1.6 1.1 22.4 49,1 vI
-1
0.005 rain strain rate used throughout all tests.
(a) No fracture ; reached I_ad limit of testing machine.
TABLE 13 - Summaryof Tensile Test Resultson Longitudinal GTA Sheet Weld
Specimensin T-111 and ASTAR-811C Sheet. Used for Grain
BoundarySliding Study.
\
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• Fractures of specimens tested at 982°C (1800%) to about 1427°C (2600°F) appeared
to have largely been the result of transgranular shear.
• At 1427°C (2600°F) and higher, although shear retained a prominent role in the
/ deformation and fracture process, a greater percentage of the fracture surface
was graln boundary in appearance.
• At 982CC (1800°F) and 1205°C (2200°F) intergranular cracking in the gage !ength
was mainly confined to the regions near the fractured surface.
.. • As the test temperature increased the intergranular cracking in the gage length |
became more severe and was no longer confined to the regions near the fracture.
At 1760°C (3200°F) particularly, the grain boundary cracking was catastrophic
throughout the gage length.
Differences in fracture appearance and severity of intergranular cracking as a function of
test temperature are shown for two typical T-111 specimens in Figure 31. The shear-type
fracture behavior of ASTAR-811C at the lower test temperatures, Figure 32, is seen to be
similar to that of T-111.
SEM Frnctography - Scanning micrographs of the ASTAR-811C specimen tested at 1538°C
(2800°F) are shown in Figure 33. This specimen foaled after 9.8% strain and despite the
apparent grain boundary nature of the fracture at 40X, many regions of the fracture surface
at high magnifications, such as the 2000X micrograph shown, exhibit ductile, dimpled
rupture characteristics.
Plate Weld Specimens
The final phase of tensile testing wasdirected toward evaluating the effectiveness of very
high temperature homogenization annealing in alleviating the propensity for low strain,
intergranular failures. Manual, multlpassGTA plate welds were prepared using 0.952 cm
(3/8 inch) thick T-111 and ASTAR-811C. Tensile specimens were machined from these
welds in such a way that the axis of the weldment was transverseto the speclmen's tensile
axis. Identical specimensof each alloy were tested at 1649°C (300C°F) in the as-welded
condition and after a 1 hour - 2483°C (4500°F) homogenization anneal. Decarburizatlon
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FIGURE 31 - Post-Test Microstructure of T-111 GTA Weld Specimens
Tested as Indicated.
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FIGURE32 - Post-TestMicrostructureof ASTAR-811CGTA
Weld SpecimenTestedat 2200°F (1205°C).
65
\
I -- A'_ d
, m i"\
1973022798-076
(_ AstronuclearLaboratory
40X
2000X
-1
Strain Rate 0.005 rain . Fracture Str_;n 9.8%.
FIGURE33 - ScanningElectron Micrographsof the FractureSurface
of an ASTAR-811CGTA Weld SpecimenTestedat
2800°F (1538°C).
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during annealing was prevented by encasing the specimensin a vacuum tight ASTAR-8] ]C
"envelope" which was welded shut after insertion of the spec imens.
/
The results of these tests are presented in Tablt. 14. Tk,e extremely low fracture strain21
_ values of the 2483°C (4500°F) annealed specimens appear to be the direct result of the very
"' large gruln size produced. In that respect, the effect of annealing at 2483°C (4500°F) had
a negative result, promoting rather than preventing fracture at low total strain.
The resultsof post-test metallography on the as-welded T-111 specimen tested at 1649°C
(3000°F) is shownin Figure 34. The fracture mode is intergranular, occurring mainly in the
fusion zone. Except for grain boundary underbead cracking, shown in the bottom of Figure 34
to be present prior to testing, there is little evidence of general intergranular cracking prior
to failure. After the 2483°C (4500o1:) anneal, one or two grains occupied the entire cross
section of the specimen. This is shownby the scanning electron microscopy below.
SEM Fractography - The fracture surfacesof the as-welded T-111 and ASTAR-811C specimens
after testing at 1649°C (3000°F) are shown in Figures35 and 36, respectively. The grain
boundary character of the fractures is apparent. Note also at higher magnifications the f
areas of localized ductile rupture, particularly for ASTAR-811C, Figure 36.
Scanning mlcrographs of the T-111 specimen annealed at high temperature prior to testing
are presented in Figure 37. Despite the planar appearance of the fracture at low magnifi-
cations, higher magnifications reveal areas which have "d_mpled" rupture charccterlstics.
In this respect, these specimensare very much llke the previously discussedcoarse-grained
as-cast specimens. The high temperature annealed ASTAR-811C specimen, not shown,
displayed identical general features.
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\Pre-Test UTS 0.2% Y.S. % Elongation
Alloy History ksi 107 N/m 2 ksl 107 N/m 2 Unif. Total
J
T-111 As-Welde J 19.0 13.1 18.6 12.8 1.7 2.4
T-111 1 hr.-4500°F 21.3 14.7 21.3 14.7 0.2 0.4
(2483°C)
ASTAR-811C As-Welded 23.1 15.9 22.3 15.4 2.5 6.2
ASTAR-811C 1 hr.-4500°F 22.3 15.4 22.3 15.4 0.1 0.4
I (2483°C)
I
0.05 mln"1 strain rate used throughout all tests.
All tests performed at 3000°F.
TABLE 14 - Summary of Tensile Test Resultson T-111 and ASTAR-811C
SpecimensMachined from 0.375 inch (0.952 cm.) Plate Welds.
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Strain Rate 0.05 min . Fracture Strain 2.4%.
FIGURE 34 - Microstructure of T-111 Tensile Specimens Machined from
Multlpass GTA Plate Weld. Tested at 3000°F (1649°C).
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24X
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FIGURE 35 - Scanning Electron Micrographs of the Fracture Surface •
of a T-111 Specimen Machined from a Multipass GTA
Plate Weld. Tested in the As-Welded Condition at
3000°F (1649°C).
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24X
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Strain Rate 0.05 mln"1. Fracture Strain 6.2%.
FIGURE 36 - Scanning Electron Micrographs of the Fracture Surface
of an ASTAR-811C Specimen Machined from a Multipess
GTA Plate Weld. Tested in the As-Welded Condition at
3000° F (1649°C).
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\FIGURE3'7- ScanningElectronMicrographsof the FractureSurface
of a T-111 SpecimenMachined froma Multlp_ssGTA
Plate Weld. ,_nnealed 1 hourat 4300°F t2483°C) Prior
to Testing.
72
\
• , b ,k- __
1973022798-083
\(_ Astronuclear
_ Labcratory
4.3 Creep Testing
h A series of T-111 and ASTAR-811C single pass longitudinal GTA welded sheet specimens were
/ creep tested at temperatures ranging from 1316° through 1538°C (2400° through 2800°F). All
.33x10-6N m2(<i0-8torr)
-_ tests were conducted in ultra-high vacuum, with pressuresmaintained <1 /
throughout. A summary of the test data is provided in Table 15. Except for 1 ASTAR-811C
specimen, which was tested in the as-welded condition, all specimens were annealed 4 hours
at 1982°C (3600°F) prior to testing. This was done in an effort to obtain a larger, more
equi-axed grain structure. Adjustments in test conditions during testing indicated in Table 15
were mad : so that the 5000 hours total test time stipulated by the contract could be
accumulated with the limited number of specimens available. The hardness of the T-111
specimens decreased slightly during testing. A more significant hardness decrease was
observed for the ASTAR-811C specimens tested at 1316°C (2400°F). This likely reflects an
aging reaction which is effecting the removal of carbon from solid solution. Conversely to
, this behavior, the hardness of the ASTAR-811C specimen tested at 1427°/1538°C (2600°/2800°F)
increased slightly. This is due to the greater solubility of carbon at the higher temperature,
hence as the temperature was raised to 1538°C (2800°F) precipitate dissolution occurred and
the matrix hardness increased.
r
Individual creep curves are presented in Figure's38 through 43. Due to the complexity and
changing conditions of the creep testing no attempt was made to analyze the data in terms of
the stress or temperature dependence of creep. Any attempt to do so on data of such a limited
nature was felt to be naive, and unjustified. Parametric analysis, by means of the Larson-Miller
parameter, indicated both the T-111 and ASTAR-811C data to be consistent with previously
published work (10). The results of this analysis are presented in Table 16. Only segments of
the creep curves which displayed a reasonable amount of steady_tate creep were included
in the analysis.
Fractures were mainly grain boundary in character although in several cases transgranular
shear did play a significant role. Representative areas are shown in Figure 44. Intergranular
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23,308 T-111 Specimen 1 50X
O O .
Testedat 2400 F (1316 C). Fracture Stra,n 2.49%.
Annealed 4 hrs- 3600°F(1982°C) Prior to Test.
_, / .- ---_r_'_r_-" ./".':'r.-_,_
_._._.
-" " "'* _ . .. : L j
;.,.T._e""_qlmb'u"_'_',_''" 7" , "=I '--.4 _'_- " _.
23,311 ASTAR-811C Specimen 1 100X
Tested at 2400°F (1316°C). Fracture Strain 11.37%.
FIGURE44 - T-111 and ASTAR-811CGTA SheetWeld Specimens
after Creep Testingas Indicated.
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crocking and void formation was extensive throughout the gage lengths of all specimens,
being predominantly situated on boundaries transverse to the stressaxis. The only evidence
:_ of slip which could be seen un the surface after testing was localized in the vicinity of the
/
fracture.
Previous investigations of the creep behavior of ASTAR-811C had indicated the possibility
of precipitate redistribution to grain and subgrain boundaries during creep testing(5). In the
"' present study, however, the pre-test anneal at 1982°C (3600°F) had already resulted in
precipitation at subgrain boundaries. No further change in the amount or distribution of
precipitates was observed due to testing. A typical post-test microstructure is shown in
Figure 45.
One of the purpose_of these tests was to try to make someestimate of the contribution of
grain boundary slicling to total creep strain by noting grain boundary displacements relative
' to pre-scribed flduclal lines on the gage section of the specimens. Typical grain boundary-
fiducial line intersections are shownin Figure 46. Review of the surfaces of the specimens
revealed considerable evidence of gJaln boundary sliding. From the evidence one must
conclude grain boundary sliding is making a "substantial" contribution to the total creep
strain. While quantitative techniques have been developed and applied to obtaining
numerical values for the contribution of grain boundary sllding[l" 1-15) these techniques
require tedious measurementsand calculations. Such effort was beyond the scope of the
present program.
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23,312 ASTAR-811C Specimen 2 750X
Tested at 2400°F (1316°C). Test Stopped at 4.02% Strain.
FIGURE 45 - Post-Test Microstructure of ASTAR-811C GTA
Sheet Weld Specimen Testod at 2400°F(131/'oc _.
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ASTAR-811CSpecimen1 400X
After 11.37% Strain. Testedat 2400°F (1316°C).
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After 5.47% Strain. Testedat 2600°F (1427°C) and
2800°F (1538°C).
I:IGU_E46 - S_,,_ace_otographsof ASTAR=811CSheetSpecimens
after Cre :_Testingas Indicated.
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\5.0 DISCUSSION
The results of the tensile tests or, T-111 are summarized in Figure 47 in f_.rmsof tensile
elongation vs. test temperature. Included for the data on GTA sh,_etwelded materkJI
/ program(2).are data from an earlier phase of this (A similar graph could be presented for
ASTAR-,311C bet would offer no unique information). The difference in the behavior of
the wre,Jght-recrystallized material implied it1Figure 47 appears to be duu to the very
small - qn size of those specimens rather than to a basic difference in deformation behavior.
Metallographic studies indicated the relative grain boundary and matrix participation in the
tensile deformation processto be essentially dictated by test temperature.
Although not totally irlclusive of all the results, the data represented in Figure 47 do
essentially provide a sL'rr.marvof the significant fel:_tureof this program. That is, ir,_ergranular
failure (not always leading to immediate fracture, however) occurs at !ow strains durinq
testing at intermediate to high _emperah'res.
The m_nimumin the ductility 'vs. _emperaturecurves of Figure 47 is in no way unique to these
alloys anC do_.snot reflect a peculiarity of e'ther tantalum-base alloys or body-centered-cubic
metals in ..q_neral. A general dis,cussionof the factors influencing this type of behavior has
ram(2)been presented elsewhere in this prog . The conclusions reached included:
• At temperah es below the temperature of minimum or decreased ductility deformati,,n
proceedsas the net resL.Itof intracrystalllne sl_p; hence, the ductility is high or
"normal ".
• At higher temperatures, where grain boundary shearing may be a dominant .'nodeof
deformation, fissurescr cracks appear and grow along grrdn boundaries until they
meet, thereby completing the fracture at low overall elongation. This is the r_glon
of minimumor _,ecreasedductility.
• At still higher te._perat_res softening processessuch as recovery and/or recrystalliza-
tion occur during deformation. The nucleation and growth of new grains (c _dhence
new, crack-free g_'ainboundaries) servesto alleviate the _rowth at the grain boundary
fissuresand high ductility _srestored.
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Modifications are of course required to the above arguments in the case of more complex
alloys. Nevertheless certain guidelines are established which provide some appreciation of
the factors involved.
/
While the preceding description is phenomenologically accurate, it is not completely
- satisfying since it provides no rationale which aids in understanding why the transition from
transcrystalline to intercrystalline failure occurs. It is important to recall from the
' photomicrographs and scanning electron micrographs presented in Section 4 of this report
that, despite low total strain at failure, considerable, and in many cases extensive,
deformation has occurred in a localized grain boundary zone prior to failure. The problem
therefore is to try to understand the reasons for the concentration of deformation at the
grain boundaries arising from high temperature deformation.
The bulk of experimental evidence, obtained on a wide variety of alloys, indicates that any
, change in composition or structure which tends to increase the shear strength of the grain
volumes, without increasing the shear strength of the grain boundaries, will promote inter-
crystalline failure. Although in general this applies mainly to deformation under creep
conditions the results of this program indicates ,ke sameobservation can be generalized
to the case of tensile deformation, at least for the slower strain rates. This is probably due t
to the somewhat higher test temperatures used for many of tensile testsrelative to those used
for creep testing. To rationalize this behavior we can consider, as a function of temperature,
the fm.,urs known to control the deformation process. Of particular interest to us is the role
of grain boundaries in deformation.
The deformat:on processin metals is greatly influenced by the dlslocation mobility and the
formation (and stability) of dislocation pileups. These factors depend on both material
parameters (crystal structure, grain size and orientation, and the morphology and distribution
of second phases)and test parameters (temperature, strain rate and stress). The interrelation
of these factors is obvious.
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At low and intermediate temperatures (< 0.5 Tm) polycrystalline metals deform essentially by
sllp deformation within the grains• To malntain continuity of the specimen, each groin deforms
in approximately the same manner as the specimen as a whole• However, to maintain continuity
/
of stress throughout the system, the deformation will be inhomogeneous to somedegree; i.e.
"_ variations will occur from grain to grain and from point to point within a grain. Measurements
- on specimens deformed at low temperatures have shown deformation to be less in the vicinity
of grain boundaries than the average deformation of the grains (16). The decreased deformation
? adjacent to the grain boundaries implies the boundaries are a source of stren gth• This can be
understood in terms of the fact the grain boundaries serve as effective barriers to slip disloca-
tions. Hence, at low temperatures disbcation pileups occur and the resulting back stresses
serve to strengthen the grain volumes by a w,_rk-hardening process. Dislocation mobility con-
siderations are restricted to conservative (glide) motion since climb is not generally possible
at temperatures much below 0.5 T
m
• As the test temperature is increased the overall behavior is altered due to several factors.
First, the formation of stable dislocation pileups is difficult now because of the relative ease
with which cross-slip can occur. This is particularly true in body-centered cubic metals with
their characteristically high s|acking fault energies. Secondly, although deformation probably
still originates primarily within the grain volumes, the regions adjacent to the grain bound-
aries demonstrate a marked reduction in their ability to tolerate shear stresses.This ease of
shear deformation results in localized bending or distortion of the grains along the face of
the grain boundary. To relax or accommodatethis distortion a recovery processsuch as poly-
gonization has been suggestedas likely (17,18) A schematic illustration of such a process
is shown in Figure 48.
: It appears therefore that the transition from transcrystalline to intercrystalline fracture at
elevated temperatures is the consequenceof the combined influence of both factors -- high
intragranular dislocation mobility and a decreased resistance to grain boundary shear. While
the first of these is relatively easy to explain on the basisof thermally activated dislocation
• o
\
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Occurring in Grain Boundary Region at High
Temperatures.
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the precise reasonsfor the !_tter are not clearly understood. The high atomic mobility which
..
exists at elevated temperatures coupled with the high lattice misfit at the boundaries must
certainly play a role but a q,antltative understanding will require a more precise knowledge
/
of dislocatlon-graln boundary interactions at the atomic level.
Translating the above considerations to fit the specific resultsof this program suggests the
following;
• Up to about 1427°C (2600°F) deformation is controlled by intracrystalllne slip.
Fractures are the result of ductile transgranular shear processes.
• In the approximate temperature range 1538° to 1816°C (2800° to 3300°F), the grain
boundary regions deform much more readily than the grain volumes, due to their in-
ability to withstand shear stresses.Hence, the bulk of the deformation occurs along
the grain boundary regions and fractures inevitably occur by intercrystalline failure.
• Above about 1982°C (3600°F) the extreme mobility of dislocations and the activation
of grain boundary migration and dynamic softening processesmitlg ares or supersedes
• the problem of grain boundary shear. As a result the formation and propagation of
intercrystalline cracks are much more difficult and ductility again increases.
The differences in behavior of ASTAR-811C and T-111 were mainly observed in the lower
' range of temperatures-- i.e. below about 1538°C (2800°F) . This suggeststhat if the carbide
precipitates are influencing the deformation processthey are doing so mainly by promoting the
retention of intracrystalllne slip as the primary modeof deformation to temperatures where
grain boundary shear is already dominant in the deformation of T-111. Alternatively, this
could be due to the presence of grain boundary precipitates in ASTAR-811C which serve to
reduce the effective free length of the boundary, thereby reducing the stressconcentrations
which develop. At least on the scale resolvable by optical metallography the latter does not
seem to be true although more positive confirmation would certainly have to be made with
more sophisticated techniques such as transmissionelectron microscopy.
As a final check on the general accuracy and applicability of the picture presented above for
the presentprogram, selected T-111 specimenswere examined by thin film transmissionelectron
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microscopy. The purposeof this work was to determine the dislocation structure as a function
of test temperature. The specimensused for this work included the as-cast specimens tested at
1205°, 1649° and 2205°C (2200°, 3000° and 4000°F). Figure 49 shows typical dislocation
distribution within the grain interiors of the specimen tested at 1205°C (2200°F). Extremely
: dense tangles of dislocations could be seen emanating from the grain boundaries into the grain
volumes suggesting the boundary regions are becoming work hardened and are therefore forcing
deformation to extend back into the grain volumes.
Testing at 1649°C (3000°F) resulted in the intragranular dislocation structure shown in Figure
50. The dislocation density is less than for the 1205°C (2200°F) specimen and the many closed
loopsnow apparent indicate recovery is occurring during cooling from the test temperature.
Some dislocation structure was evident along the grain boundaryregions although not nearly
as dense as for the 1205°C (2200°F) specimen. The grain volumesappear significantly "harder"
than the grain boundary regions indicating the major deformation will be localized at the
' boundaries.
The specimen tested at 2205°C (4000°F) revealed a very low dislocation density with the
structure consisting largely of closedor partly closed loops. A trace of a former grain boundary
is shown in Figure 51. Note the fact the surrounding matrix is extremely "clean", which sug- t
gests considerable recovery and dislocation annihilation have occurred during the cooldown
from the test temperature.
i The transmissionelectron microscopy provided another piece of inf¢,rmatlonof interest.
Although T-111 is basically a selid solution alloy, someprecipitates are present due to the
i residual interstitial content of the alloy. A region where the precipitate density was found to
be particularly high ( in the specimen tested at 1205°C (2200°F) is shown in Figure 52. The
' blocky precipitates are cubic (NaCI type) and are probably carbides. Note the edges are
generally parallel to tl 10_ although some of the smaller preclpltates have edges parallel
to { 100 _ . Fromthe electron diffraction pattern of the precipitate and the matrix the habit
\
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Strain Rate 0.005 =nln-1. Fracture Strain 6.4%.
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FIGURE49 - TransmlssionElectron Micrographsor an As-Cast T-111
SpecimenTestedat 2200°F(12050C).TypicalDislocation
Structure in GrainInteriors.
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00042 I 0.5 Hm. I 59,000X
00047 I. 1.0 i_m. I 25,400X
: -1Strain Rate 0.005 min . FractureStrain0.1%.
FIGURE50 - TransmissionElectronMicrographsof an As-Cast
T-111 SpecimenTestedat 3000°F (1649°C).
Precipitatesand DebrisAdjacent to FormerGrain
BoundaryArea.
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J=
00004 I 1.0 iJm.I 36,000X
-1StrainRate0.05 min . FractureStrain 18.3%.
FIGURE51 - TransmissionElectronMicrograL_hof an As-Cast
T-111 SpecimenTestedat 4000°F (2205°C). Trace
of FormerGrain BoundaryShown.
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02481 I 0.3 i_m. I 81,000X
-1Strain Rate 0.005 min Fracture Strain 5.4%. t
FIGURE 52 - TransmissionElectron Micrograph of on As-Cost
T-111 Specimen Tested at 22_X)°F (1205°C). (See
text for details of precipitate-matrix habit rela-
tionships).
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, of the precipitate was found to be ;
# 11001
p m
.. /,
where the subscriptsp and m refer to precipitate and matrix, respectively. These results agree
with those predicted for face-centered cubic preclnltates in a body-centered cubic matrix
when there is small lattice mismatch (19). The lattice mismatchwa_ estimated as approximately
8%.
The resultsof the transmissionelectron microscopyare therefore in agreement wirh those anti-
, cipated from me;retheoretical considerations. We can therefore conclude the transition from
intracrystalllne to intercrystalline failure is a direct conseq_enceof ;
a - the inability of the grain boundary regions to harden under deformation to with-
stand large shear stresseswithout deforming catastrophically, and,
b - the difficulty of establishing stable dislocation pileups and tangle which might
serve to work harden the matrix equivalently.
It is to these two factors that any solution of the problem of premr,ture intergranular failure
mustbe addressed.
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\6.0 CONCLUSIONS
1. A .egion of reduced ductilit 7, in termsof tensile elongation, exists for T-111 and
/ ASTAR-811C between 1538° and 1816°C ( 2800° and 3300°F). In this temperature
range fractures are intergranular occurring at low total strains.
2. The observed behavior can be rationalized on the basis of a change in the controlling
deformation mode. At low temperatL,_esintracrystalllne slip and associated work-harden-
ing processesdominate whereas in the critical temperature range grain boundary shear
dominates with the result mostof the strain is accommodated at the grain boundaries.
At ver7 h:gh temperaturesdynamic softening processesand other accommodation pro-
cessesoccur preventing the nucleation and growth of intergranular cracks.
3. Increases in grain size, by reducing the total available grain boundary area, aggravate
the problem. Hence, ihe propensity for [ntergranular fa_lu,e is highest for very coarse
grained as-ca_t material and less to- fine grained wrought-r_crystallized specimens.
, 4. Differences in the behavior of ASTAI_-811C and To111 were for the mostpart confined
to the lower range of temperatures where ASTAR-811C retained a higher degree of
"ductility" to slightly higher temperaturesthan T-111.
5. Scanning electron microscopyperformed directly on the as-ffactu:ed specimens indlca-
tedthat even for the caseswhere tensile _l_mgat!onwas virtually nil :onslderable
t
deformation had occurred c'n a very Ioccdized scale prior to fracture.
6. Grain boundary sliding was found to contribute substantially to the total strain during
creep testing at 1316° to 1538°C (2400° to 2800OF) although quantitative estimates
' of the centribution could not be made.
7. Transmissionelectron microscopy, perf'_rmedon as-cast T-111 specimenstested at
, 1205°, 1649° and 2205°C (2200°, 3000° and 4000°F) revealed dislocation structures
w
in a_lreement with thosequalitatively predicted from more basic considerations.
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